DL. Intestinal epithelial expression of TNFAIP3 results in microbial invasion of the inner mucus layer and induces colitis in IL-10-deficient mice.
or v-TNFAIP3 mice. V-TNFAIP3 mice displayed altered expression of mucosal cytokines, increased numbers of mucosal regulatory T cells, and altered expression of mucosal antimicrobial peptides (AMPs). Microbial colonization of the inner mucus layer of v-TNFAIP3 mice was observed, along with alterations in the microbiome, but this was not sufficient to induce colitis in v-TNFAIP3 mice. The relative sterility of the inner mucus layer observed in wild-type and IL-10 Ϫ/Ϫ mice was lost in v-TNFAIP3 ϫ IL-10 Ϫ/Ϫ mice. Thus IEC-derived factors, induced by signals that are inhibited by TNFAIP3, suppress the onset of inflammatory bowel disease in IL-10 Ϫ/Ϫ mice. Our results indicate that IEC expression of TNFAIP3 alters AMP expression and allows microbial colonization of the inner mucus layer, which activates an IL-10-dependent anti-inflammatory process that is necessary to prevent colitis. A20; Reg3; Ang4; NK-B; intestinal mucus TUMOR NECROSIS FACTOR-INDUCED PROTEIN 3 (TNFAIP3, also known as A20) is an ubiquitin-modifying enzyme that inhibits activation of NF-B and MAPK by TNF receptor, Toll-like receptor, and other innate immune receptors (3, 16, 26) . TNFAIP3 also inhibits apoptosis and some forms of necrotic cell death (3, 16, 26) . The essential requirement for TNFAIP3 in preventing inflammation is evident by the profound inflammation and morbidity in TNFAIP3 Ϫ/Ϫ mice (23) . Lineagespecific deletion of TNFAIP3 in dendritic cells, B cells, intestinal epithelial cells (IEC), or macrophages and granulocytes results in inflammation mimicking human autoimmune and inflammatory diseases (12, 22, 28, 36, 38) . Notably deletion of TNFAIP3 in each of these lineages results in distinct phenotypes, indicating cell-specific roles for TNFAIP3 in vivo. Although TNFAIP3 is broadly viewed as an enzyme that controls ubiquitin-dependent signaling to prevent inflammation, the essential function of TNFAIP3 is to control receptormediated cell signaling. Thus the role of TNFAIP3 in inflammation is dependent on the cellular context and the nature of the signal being controlled. This is exemplified by the phenotype of mice with a lineage-specific deletion of TNFAIP3 in keratinocytes that do not develop epidermal inflammation but rather display ectodermal abnormalities, reflecting a role for TNFAIP3 in controlling NF-B-dependent homeostasis in epidermal tissue (24) . Similarly, somatic mutations that delete TNFAIP3 in B cells are associated with human lymphomas, reflecting a key role for TNFAIP3 as a suppressor of NF-Binduced B cell survival and tumorgenesis (4, 19) . Thus the role of TNFAIP3 in tissue homeostasis is likely complex and parallels the complex and distinct roles that ubiquitin-mediated NF-B, MAPK, and cell death signals play in different cell and tissue types.
Many genetic studies have implicated TNFAIP3 in human disease (3, 26) . Polymorphisms in or near the TNFAIP3 gene locus are associated with altered risk for inflammatory bowel disease and many other human autoimmune or inflammatory disorders (18) . Variants that reduce the function of TNFAIP3 are associated with systemic lupus erythematosus and B cell lymphomas (4, 19, 25, 29) . These genetic associations with inflammatory disease and the fact that loss of TNFAIP3 in many cell types in mice results in inflammation have contributed to the idea that enhanced TNFAIP3 expression or function might have therapeutic potential in human disease. However, it is not known whether inflammatory bowel disease (IBD)-associated TNFAIP3 polymorphisms, or polymorphisms associated with other autoimmune diseases, reduce or enhance TNFAIP3 function. Given the cell and tissue context-dependent roles of TNFAIP3, it is of importance to determine how enhanced TNFAIP3 expression or function in distinct cell types might impact homeostasis.
TNFAIP3 is expressed in and inhibits NF-B activation and TNF-induced cell death in IEC (38, 39) . Lineage-specific deletion of TNFAIP3 in IEC does not result in spontaneous colitis but makes mice more susceptible to dextran sulfate sodium (DSS)-induced intestinal inflammation, potentially driven by TNF receptor-induced IEC death (38) . Consistent with this, transgenic expression of TNFAIP3 in IEC ameliorates DSS-induced colitis and reduces DSS-induced IEC death (33) . These phenotypes are not likely to result directly from inhibition of NF-B signaling by TNFAIP3 in IEC because NF-B signaling in IEC prevents inflammation and protects against DSS-induced colitis (31, 41) . Instead, the prosurvival effects of TNFAIP3 in IEC may explain how IEC expression of TNFAIP3 prevents intestinal inflammation in these models. Additionally, TNFAIP3 may have distinct functions in IEC, as it promotes intestinal barrier function, regulates the ubiquitination of the tight junction protein occludin, and inhibits Wnt signaling and colon carcinogenesis (21, 35) . The role of TNFAIP3 expression in IEC during inflammation may be context dependent, as mice expressing TNFAIP3 in IEC were not protected from 4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis and instead displayed a worse course of disease in that model (33) . Therefore, we examined the effect of IEC expression of TNFAIP3 on intestinal homeostasis and inflammation in other mouse models of colitis.
Here we report that transgenic expression of TNFAIP3 in IEC alters the production of antimicrobial peptides (AMPs) in the intestinal mucosa and causes a loss of the normal spatial separation between IEC and lumenal microbes. Despite this altered microbial localization, v-TNFAIP3 mice do not develop colitis. In the context of IL-10 deficiency, IEC expression of TNFAIP3 causes severe early-onset Th-1-type colitis with 100% penetrance. These results suggest that enhanced expression of TNFAIP3 may not be anti-inflammatory in all circumstances and that genetic associations between TNFAIP3 and human disease should not be considered a priori as an indication of reduced TNFAIP3 expression or function in those diseases.
MATERIALS AND METHODS
Animal studies. Animals were housed in specific pathogen-free conditions with investigation approved by the University of Chicago IACUC, under protocols 71661 and 72089. Villin-TNFAIP3 transgenic (Tg) mice and wild-type (WT) littermates were generated as previously described (21) . For IL-10 knockout (KO) studies, these mice were bred onto the IL-10 KO C57BL/6 background and genotyped by tail clipping. Mouse weight was recorded weekly between weaning and death (6 -8 wk) , and occurrences of euthanasia resulting from mice exceeding IACUC-approved endpoints (weight loss exceeding 20% of maximum body weight, persistent positive fecal blood test or rectal bleeding, hunched posture, rectal prolapse) were recorded. Colons were surgically removed, weighed, and measured for length analysis. Histological examination was performed on tissue fixed in 10% formalin, paraffin embedded, and sectioned longitudinally. Sections (5 m) were stained with hematoxylin and eosin and scored by a pathologist blinded to the genotype using previously described criteria (33) .
ELISAs and immunoblotting. Colons were removed and rinsed, and mucosal scrapings were performed, as previously described (33) . Briefly, colons were opened longitudinally and rinsed, and the lumen was scraped using a glass slide. The scraping was collected in 500 l buffer (10 mM Tris, 5 mM MgSO 4, 250 g DNAse2, 1ϫ protease inhibitor cocktail from Roche), lysed, and sonicated. Normalization of samples was effected using a BCA kit (Pierce). ELISAs were performed using equal amounts of protein per sample (100 g) according to manufacturer's protocols and IFN-␥, TNF, IL-4, IL-10, IL-6, mouse ELISA-kits (OptIEA BD Biosciences), IL-17, IL-25/17E, IL-22, IL-23, IL-12/23p40, and thymic stromal lymphopoietin (TSLP) mouse ELISA kits (DuoSet, eBioscience). For immunoblotting, samples were diluted 1:1 in Laemmli buffer (60 mM Tris·HCl pH 6.8, 2% SDS, 10% glycerol, 5% ␤-mercaptoethanol, 0.01% bromophenol blue), resolved by SDS-PAGE, transferred onto activated PVDF membrane, and probed using mouse-specific antibodies diluted in Li-COR (Odyssey), Ang4 (Santa Cruz Biotechnology clone M-18), Reg3␤ (R&D Systems clone P35230), biotin-labeled CD103 (Biolegend clone 2E7), myeloperoxidase (Thermo Scientific), Muc2 (Santa Cruz Biotechnology clone H-300), and actin (Santa Cruz Biotechnology clone C-11).
Immunofluorescent, immunohistochemical, and FISH staining. Colons were removed and fixed in 10% formalin or Carnoy's solution (70% methanol, 20% chloroform, and 10% acetic acid) followed by paraffin embedding. Longitudinal sections (5 m) were made, and antigen retrieval was performed as necessary. Briefly, sections to be stained were deparaffinized in 100% xylene followed by rehydration in decreasing concentrations of ethanol. Sections were then boiled in 10 mM sodium citrate and left to cool at room temperature for 25-30 min, followed by blocking with Li-COR buffer (Odyssey) and incubation with mouse-specific antibodies, Ang4 (Santa Cruz Biotechnology clone M-18), Reg3␤ (R&D Systems clone P35230), biotinlabeled CD103 (Biolegend clone 2E7), myeloperoxidase (Thermo Scientific), and Muc2 (Santa Cruz Biotechnology clone H-300) at 4°C overnight. NF-B activity in epithelial cells was assessed by immunostaining as described with phospho-NF-B antibody (Santa Cruz) followed by donkey anti-rabbit-horseradish peroxidase, development with diaminobenzidine, and counterstaining with Fast green. For fluorescence in situ hybridization (FISH) analyses, sections were deparaffinized in a similar manner, followed by incubation of FISH probe (EUB338 bacterial 16S rRNA) in hybridization buffer (35% formamide) at 50°C overnight, followed by counterstain with Hoescht (Invitrogen). Alexa Fluor-conjugated secondary antibodies, anti-rabbit 488 or 555, anti-goat 488 or 555, anti-sheep 555 (Invitrogen), or FITC-conjugated neutravidin (Invitrogen) were incubated for 1 h in the dark at room temperature followed by washing and mounting of slides with ProLong Gold anti-fade reagent (Invitrogen). Images were captured on an Olympus DSU spinning disk confocal microscope, collated in SlideBook, and analyzed using ImageJ.
Multicolor flow cytometry. Spleen, mesenteric, and peripheral lymph nodes were surgically removed, and single-cell lymphocyte suspensions were generated. Briefly, nodes were homogenized using 0.3-m gauze followed by washing with fluorescence-activated cell sorting (FACS) buffer (5% FBS in PBS). Samples were red blood cell lysed as required by addition of lysis buffer (155 mM NH4Cl, 12 mM NaHCO 3, 0.1 mM EDTA) and filtered using gauze. Lipoprotein lipase preparations were generated by removal of colons followed by rinsing in cold calcium-and magnesium-free (CMF)-HEPES. Tissues were chopped into small pieces and washed in CMF-FBS-EDTA four times for 15 min at room temperature at 220 revolution/min. EDTA was removed by washing in complete RPMI followed by collagenase and DNAse treatment of samples in RPMI at 37°C with shaking for 1 h. Cells were filtered using 0.3-m gauze, washed, and resuspended in FACS buffer. Cells were then counted, and an aliquot was made for antibody staining. For extracellular antigens, antibodies (BD Biosciences) were diluted in FACS buffer and incubated on ice for 1 h in the dark followed by washing and analyses. Intracellular staining was effected by fixation and permeabilized overnight at 4°C in the dark using the fixation/permeabilization kit (eBioscience). Samples were run on a FACSCalibur flow cytometer (BD Bioscience).
Microarray. Whole colon pieces were removed from mice and frozen on dry ice. Samples were homogenized, and RNA was extracted per manufacturer's protocol using Trizol (Invitrogen). RNA was purified following manufacturer's protocol using the RNAeasy kit (Qiagen). Samples were hybridized onto Illumina MouseRef8 chips at the Functional Genomics Core at University of Chicago. Subsequent analyses were performed using the R statistical programming package and the InGeneuity and OntoExpress online tool. Statistical analyses were also performed in Prism (GraphPad) and Microsoft Excel.
Microbiome analysis. Colons were removed from mice and lumens washed with 500 l PBS, and flow through was collected; the same colons were then cut longitudinally and mucosal scrapings performed, with samples collected into TNES DNA extraction buffer (50 mM Tris·HCl, pH 7.4, 400 mM NaCl, 100 mM EDTA, pH 8.0, and 0.5% SDS) with Proteinase K (20 mg/ml). Samples were mixed using zircon beads (BioSpec Products) in a bead beater (BioSpec Products) and incubated overnight at 55°C with shaking. DNA was precipitated with a solution of phenol, chloroform, and isoamyl alcohol and precipitated with ethanol and washed, and the concentration was measured using a NanoDrop spectrophotometer (Thermo Scientific). MiSeq analyses were then performed; briefly, PCR primers used were specific for the 515-806 base pair (bp) region of the 16S rRNAencoding gene (338F: 5=-GTGCCAGCMGCCGCGGTAA-3= and 806R: 5=-GGACTACHVGGGTWTCTAAT-3) and contained Illumina 3=adapter sequences as well as a 12-bp barcode. Sequencing was performed by the Next Generation Sequencing Core at Argonne National Laboratory using an Illumia MiSeq. Sequences were then trimmed and classified with the QIIME toolkit. Using the QIIME wrappers, operational taxonomical units (OTUs) were picked at 97% sequence identity using uclust, and a representative sequence was then chosen for each OTU by selecting the most abundant sequence in that OTU. These representative sequences were classified and assigned a taxonomic string using the RDP Classifier. The PyNAST-aligned sequences were also used to build a phylogenetic tree with FastTree for calculation of unweighted/weighted UniFrac distances (as well as other measures of diversity) for ecological analyses, including visualization via ordination (e.g., principal coordinates analysis).
Statistical analyses. Analyses were performed using Prism software from GraphPad, including t-tests and one-way ANOVA with multiple comparisons, and values of P Յ 0.05 were considered significant. Ϫ/Ϫ mice. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.005, ****P Ͻ 0.001.
RESULTS
We have previously found that v-TNFAIP3 mice display enhanced barrier function and more stable tight junctions than WT mice (21) . In addition, we found that v-TNFAIP3 mice are protected from DSS-induced IEC death and colitis but not from TNBS-induced colitis (33) . This suggested that IEC might play distinct roles in T cell-mediated colitis that are regulated by epithelial expression of TNFAIP3. Colitis in IL-10 Ϫ/Ϫ mice requires T cells and the presence of microbes and is preceded by increased intestinal permeability and IEC apoptosis (5, 8, 27, 34) . Activated NF-B was evident in the epithelium of IL-10 Ϫ/Ϫ mice, but, consistent with the effects of TNFAIP3 expression in other tissues, we observed reduced activation of NF-B in the epithelium of v-TNFAIP3 ϫ IL-10 Ϫ/Ϫ mice (Fig.  1) . We therefore tested whether expression of TNFAIP3 in IEC alters the course or severity of colitis in IL-10 Ϫ/Ϫ mice. In our colony, all mice (including v-TNFAIP3 mice) are on a C57Bl/6 background under specific pathogen-free conditions. We typically observe a low penetrance of colitis only at an advanced age (10 -20% at 16 -20 wk) in IL-10 Ϫ/Ϫ mice under these conditions. Although overt colitis was not observed in IL-10 Ϫ/Ϫ mice, changes in gene expression consistent with those reported in IL-10 Ϫ/Ϫ mice with colitis were observed (13). These included increased expression of indolamine 2,3 dioxygenase (INDO), immunity-related GTPase family M protein (IRGM) (ifi47), uridine phosphorylase 1, and chemokine ligand 9 (CXCL9), indicative of a response to interferon-␥ in the tissue of IL-10 Ϫ/Ϫ mice. In addition, decreased expression of pancreatic lipase-related protein 2 (pnliprp2) was observed, consistent with prior studies in IL-10 Ϫ/Ϫ mice with colitis. Together, these data suggest that the mucosa of IL-10 Ϫ/Ϫ mice has altered gene expression consistent with a Th1-type colitis even though colitis is not manifest in these mice. However, when crossed to v-TNFAIP3 mice, we observed severe colitis with very early age of onset in 100% of IL-10 Ϫ/Ϫ mice. This was characterized by failure of v-TNFAIP3 ϫ IL-10 Ϫ/Ϫ mice to gain weight compared with their IL-10 Ϫ/Ϫ littermates (Fig.  1) . The colitis in these mice was manifest as colonic shortening and increased histological scores for inflammation owing to immune cell infiltration, crypt hypertrophy, and abscesses ( Fig.  1) . Cytokine profiles from mucosal scrapings showed elevated levels of IFN-␥, reduced levels of IL-4, and no alteration of IL-17, indicative of a Th1-type colitis (Fig. 2) . We did not observe significant changes in the levels of IL-12/23 p40 or IL-23 associated with colitis in these mice, indicating that colitis can occur in this model without elevated levels of these cytokines (Fig. 2) . These findings indicate that expression of TNFAIP3 in IEC markedly exacerbates Th1-type colitis in IL-10 Ϫ/Ϫ mice. The enhanced colitis in IL-10 Ϫ/Ϫ ϫ v-TNFAIP3 mice compared with IL-10 Ϫ/Ϫ mice suggests that IEC actively suppress colitis in immune-compromised mice. To interrogate this further, we examined the mucosal gene expression in v-TNFAIP3 mice (Fig. 3) . We have not observed colitis or inability to thrive in v-TNFAIP3 mice compared with WT littermates. To investigate the effect of IEC expression of TNFAIP3 on intestinal homeostasis, we performed a gene microarray analysis on v-TNFAIP3 mice and their WT littermates. Following microarray, gene ontology analysis (GO) was performed using registered GO terms from OntoExpress and a cut off of fold change expression alteration of 2.0. Significant altered expression was found for GO terms controlling the inflammatory response, including those involved in antibacterial humoral responses (Fig. 3) . Upregulated genes included INDO1, involved in dendritic and neutrophil function, Igtp, an interferon-induced gene, and Reg3␤, an antimicrobial c-type lectin (Fig. 3) . Downregulated genes also grouped into similar GO classes, specifically those involved in the inflammatory response (Fig.  3) . These downregulated genes included the intelectin family members, Itlnb and Itln1, and the AMP Ang4. Thus expression of TNFAIP3 in IEC does not lead to colitis but does alter mucosal gene expression in the intestine.
The changes in gene expression observed in v-TNFAIP3Tg mice included altered levels of INDO1 and Igtp (IRGM3) in the colonic mucosa. This led us to assess T-cell phenotypes in the intestinal mucosa and secondary lymphoid organs. We determined that there was no significant increase in the number of CD4 ϩ CD44 ϩ CD69 ϩ or CD4 ϩ CD44 ϩ CD25 ϩ activated Tlymphocytes in the lamina propria (LP) or in the spleen, peripheral lymph nodes (PLN), or mesenteric lymph nodes (MLN) of v-TNFAIP3Tg mice (Fig. 1A) . Significant increases were identified however, in the CD4 ϩ CD25
ϩ FoxP3 ϩ population of T cells in the LP but not in spleen, PLN, or MLN of v-TNFAIP3Tg mice, demonstrating that IEC expression of TNFAIP3 leads to increased numbers of Tregs particularly in the colonic mucosa (Fig. 4) . Examination of cytokine levels in the mucosa of v-TNFAIP3Tg mice revealed no significant differences in the levels of IL25/17E, TSLP, IL-10, IL23, IL12/23p40, IL-17, TNF, or IL-22 although the latter showed a trend toward increased expression in v-TNFAIP3Tg mice compared with WT littermates (Fig. 4) . Thus expression of TNFAIP3 in IEC does not significantly alter levels of cytokines or the activation state of T cells but does result in an increase in the number or Tregs in the intestinal mucosa. This, combined with the lack of colitis in these mice, suggested that IEC expression of TNFAIP3 was leading to changes in gut mucosal homeostasis but that compensatory changes, possibly increased numbers of Tregs, were preventing spontaneous inflammation in v-TNFAIP3 mice.
Given the significant alteration of expression of genes involved in antimicrobial defense, we focused on the functional outcomes of their altered expression. Reg3␤ is a member of the Reg3 family of C-type lectins that protect the epithelial cell surface by preventing bacterial translocation and colonization of the relatively sterile inner mucus layer (10). Ang4 is induced upon colonization of the gut by Bacteroidetes thetaiotaomicron and has antimicrobial activity against Listeria monocytogenes and Enterococcus faecalis but is selective, as it has no or reduced activity against Listeria innocua, some strains of Escherichia coli and Bacteroides thetaiotaomicron itself (10, 15) . The gene expression changes were validated at the protein level using immunofluorescent staining of Carnoy's fixed tissue and immunoblot analysis of mucosal scrapings (Fig. 5) . v-TNFAIP3 mice displayed markedly less Ang4 staining within the inner mucus layer of the colon, compared with WT littermates. Conversely, v-TNFAIP3 mice displayed increased expression of Reg3␤ in the colon, and these results were validated by immunoblots for Ang4 and Reg3␤ (Fig. 5) . Thus expression of TNFAIP3 in IEC alters the expression of AMP in the mucosa, with some AMPs exhibiting increased expression and others decreased expression.
To assess the functional consequences of this AMP expression alteration, we examined the possibility of altered microbial localization in the colon of v-TNFAIP3 mice. Compared with their WT littermates, v-TNFAIP3 mice displayed a loss of the spatial separation between the intestinal epithelium and luminal bacteria (Fig. 6) . The inner mucus layer of the large intestine is largely composed of a heavily glycosylated layer of the Mucin-2 protein (17). Although we did not observe a change in Muc2 expression in v-TNFAIP3 mice, we did find that bacteria colonized the inner mucus layer in a way that we did not visualize in WT littermates. Thus we observed that expression of TNFAIP3 in IEC alters AMP expression in the mucosa and allows luminal microbes to invade the inner mucus layer of the gut. These microbes are likely to be resistant to Reg3-type AMPs and potentially sensitive to Ang4 or other lectins that are reduced in v-TNFAIP3 mice. We interpret this to indicate that microbial invasion of the inner mucus layer occurs when IEC express TNFAIP3, and, although this may cause alterations in immune homeostasis, such as increased numbers of Tregs in the mucosa, it is insufficient to cause colitis in immune competent hosts.
Given that the localization of bacteria is altered in v-TNFAIP3 mice compared with littermate controls, we next investigated whether the structure of the intestinal bacterial populations were altered. To do so, we performed microbiome analyses of colonic mucosa and compared v-TNFAIP3 mice with WT littermate controls. Statistically significant differences existed at the phylum taxonomical level (Fig. 7) , displaying a reduction in the proportion of Bacteroidetes and an increase in the proportion of Firmicutes in colonic washes of v-TNFAIP3 mice compared with controls. Furthermore at the deeper order taxonomical level, proportional differences were observed in the Bacteriodales (contraction) and Lachnospiraceae (expansion) (Fig. 7) , mirroring those observed at the phylum level. Metrics for ␣-diversity show imperceptible but statistically significant differences in groups, at analysis four across five iterations for the overall phylogenetic diversity tree (Fig. 7) . However, the more robust Simpson and Shannon metrics of ␣-diversity for both weighted and unweighted data show no such significant difference. ␤-Diversity as assessed by both weighted and unweighted principal component analyses also showed no significant clustering comparing between all principal components P1, P2, and P3 (Fig. 7) . Taken together these results warrant further exploration of the exact microbes present and their localization, using a similar 16S RNA clone library approach to that used to identify the Bilophila wadsworthia pathobiont by Devkota et al. (6) .
To investigate whether TNFAIP3 expression in IEC alters gene expression in IL-10 Ϫ/Ϫ mice, we performed a gene array analysis of intestinal mucosa from IL-10 Ϫ/Ϫ vs. IL-10 Ϫ/Ϫ ϫ v-TNFAIP3tg littermates. Significant differences in AMP expression were observed in IL-10 Ϫ/Ϫ ϫ v-TNFAIP3tg mice compared with IL-10 Ϫ/Ϫ mice, most notably increased levels of the Reg3 family of genes and markedly decreased Ang4 expression (Fig. 8) . Altered expression of Reg3␤ and Ang4 were validated by immunoblot and immunohistochemical analyses (Fig. 8) . We next characterized whether control of bacterial burden was also altered as a result of altered AMP expression. Similar to changes observed in v-TNFAIP3 mice, we observed a loss of sterility of the inner mucus layer and an encroachment of bacteria to the epithelial cell surface in IL-10 Ϫ/Ϫ ϫ v-TNFAIP3 mice (Fig. 8) . Because IL-10 Ϫ/Ϫ ϫ v-TNFAIP3 mice have chronic colitis, it is possible that the loss of sterility of the inner mucus layer is a reflection of the ongoing inflammation in these mice. However, the encroachment of bacteria in v-TNFAIP3 mice, which do not develop colitis, supports the idea that expression of TNFAIP3 in IEC reduces the spatial separation of host and microbes as a primary effect, which contributes to early and severe onset of IBD in IL-10 Ϫ/Ϫ mice.
DISCUSSION
We have found that IL-10 Ϫ/Ϫ mice develop severe and early onset of colitis when TNFAIP3 is expressed in the intestinal epithelium. This is consistent with our previous finding that IEC expression of TNFAIP3 results in worse intestinal inflammation in the TNBS colitis model (33) . This proinflammatory effect of TNFAIP3 expression was not expected because TNFAIP3 is typically described as an anti-inflammatory protein. TNFAIP3 inhibits NF-B and MAPK signaling induced by TNF, NOD2, Toll-like receptor ligands, IL-17, and other factors (2, 11, 14, 23, 26, 37) . We interpret our present findings with the hypothetical model that inhibition of NF-B and MAPK signals in IEC leads to reduced production of a subset of AMPs, such as Ang4 and intelectins, that normally contribute to the relative sterility of the inner mucus layer of the colon. This leads to microbial contact with the intestinal mucosa, resulting in increased production of AMPs that do not depend on NF-B or MAPK signals in IEC. These include Reg3-type peptides that rely on STAT3 signals in IEC for their production (40) . In addition, microbial invasion induces regulatory T cells in the mucosa, leading to homeostatic control and prevention of colitis. In v-TNFAIP3 ϫ IL-10 Ϫ/Ϫ mice, which lack these regulatory T cells, microbial contact with the mucosa leads to severe and early onset of colitis. It is likely that the microbes invading the inner mucus layer are a subset of the gut microbiome that are normally controlled by Ang4, intelectins, and other AMPs that are reduced in mice expressing TNFAIP3 in IEC. These microbes are also likely to be resistant to Reg3-type and other AMPs that are increased in v-TNFAIP3 mice. It will be of interest to identify the types of microbes that invade the inner mucus layer in v-TNFAIP3 mice, as they have the capacity to cause severe colitis when the mucosal immune system is compromised. Typically microbial contact with the intestinal epithelium should elicit induction of protective cytokines like IL-22, TSLP, and IL-25, but we observed lower levels of these cytokines in v-TNFAIP3 ϫ IL-10 Ϫ/Ϫ mice. The failure to produce these protective cytokines may reflect the capacity of TNFAIP3 to block Toll-like receptor and TNFinduced NF-B and MAPK activation in IEC and may have contributed to the inflammation seen in v-TNFAIP3 ϫ IL-10 Ϫ/Ϫ mice. However, we did not observe altered expression of these cytokines in v-TNFAIP3 mice without inflammation, and so it remains possible that the decreased expression observed in v-TNFAIP3 ϫ IL-10 Ϫ/Ϫ mice was the result of the inflammation in those mice, rather than a primary cause of the inflammation.
TNFAIP3 also regulates cell death in a manner that is cell and context dependent. In B cells or keratinocytes, loss of TNFAIP3 leads to excessive NF-B activation, leading to hyperproliferation and, in the case of B cells, cellular transformation (4, 19, 24) . Conversely, loss of TNFAIP3 in fibroblasts, T cells, and IEC leads to increased TNF-induced cell death (23, 38) . TNFAIP3 also protects against DSS-induced IEC death, and mice deficient for, or overexpressing, TNFAIP3 in IEC are sensitive or resistant to DSS colitis, respectively (33, 38) . Lastly, TNFAIP3 has unique functions in IEC, including the regulation of Wnt signaling and support of tight junction integrity to suppress carcinogenesis and promote barrier function, respectively (21, 35) . The present studies do not allow us to definitively rule out these other functions of TNFAIP3 in IEC as potential contributors to the increased IBD in v-TNFAIP3 ϫ IL-10 Ϫ/Ϫ mice. However, the prevention of IEC death by TNFAIP3 is unlikely to explain our findings because increased IEC apoptosis in IL-10 resulting from TNFAIP3 expression in IEC would be expected to prevent colitis in IL-10 Ϫ/Ϫ mice, which are known to display increased gut permeability before the onset of colitis (27) . Conversely, increased gut permeability can be protective in DSS colitis, as it increases the priming of mucosal regulatory T cells (20) . However, we observed increased regulatory T cells in the mucosa of v-TNFAIP3 mice, suggesting that the increased barrier function in this model does not prevent Treg priming and that increased barrier function is unlikely to explain the more severe colitis in v-TNFAIP3 ϫ IL-10 Ϫ/Ϫ mice. CD73, Ang4, and intelectins, and TNFAIP3 inhibits signaling by proinflammatory cytokines. The reduced expression of these genes in v-TNFAIP3 mice likely reflects the inhibition of inflammatory signals in the epithelium of these mice. Thus, although pathological inflammation does not spontaneously occur in v-TNFAIP3, there is altered homeostasis in the mucosa of these mice that may predispose them to colitis, given an additional challenge. We observed alterations in the microbiome of v-TNFAIP3 mice that included contraction in the Bacteriodales and expansion of Lachnospiraceae. It has previously been shown that, in human samples from inflamed intestines, there is a proportional contraction of both Bacteroidetes and Firmicutes in favor of an expansion of proteobacteria (9) . It is possible that the loss of Bacteriodales, which is observed in inflammatory states, may be compensated by the concomitant expansion of Lachnospiraceae, contributing to the protective effect of v-TNFAIP3 expression in other mouse models of IBD (33) . Additionally it suggests that the spatial alteration usually observed with these microbes (interfold vs. digesta) (30) is lost attributable to our observed alterations in AMP production. It will be of interest to determine how epithelial expression of TNFAIP3 alters specific microbial species and the incidence and severity of inflammation in other models of IBD. Genetic variants in the TNFAIP3 locus have been implicated in a variety of human autoimmune disorders, including IBD (18, 26) . In addition, TNFAIP3 expression is part of a signature profile that can predict responses to therapy in IBD (1). TNFAIP3 inhibits NF-B and MAPK signals, and this accounts for its anti-inflammatory function in innate immune cells. However, targeted deletion of NF-B and MAPK signaling components in IEC and innate immune cells have clearly demonstrated that these signaling pathways play distinct cell-type-specific roles that have, in some cases, opposing effects on intestinal inflammation (7, 31, 32, 41) . Induction of TNFAIP3 in IEC vs. innate immune cells may also therefore have distinct effects on intestinal inflammation, as we have found in this study. For example, induction of TNFAIP3 in IEC by TNF could potentially lead to altered production of AMPs, allowing invasion of the inner mucus layer by a subset of microbes and induction of colitis in an immune-compromised individual. Some of the benefits of anti-TNF therapy may result from reducing TNFAIP3 expression in IEC and thus restoring the sterility of the inner mucus layer. Conversely, therapies aimed at increasing TNFAIP3 expression or activity may prove beneficial for the prevention of many types of inflammation, but care should be taken when considering the potential deleterious effects of increased IEC expression or activity of TNFAIP3 in the colon. Lastly, genetic studies that implicate the TNFAIP3 locus in inflammation should be mindful of the fact that variants leading to increased expression or activity of TNFAIP3 may also predispose to some types of inflammation.
